The mathematical models used for the estimation of wind loading due to fluctuations in building internal pressure under the influence of a tropical storm uses two parameters, namely, loss and inertia coefficients; the values of these coefficients is known to be dependent upon the area, location and thickness of the opening in the building envelope. A wide range for these coefficients is found in use in the literature. This paper studies the dependency of the values of these coefficients on the area, location and thickness of the opening. Loss coefficient data that is available from the past studies has a large range and could assume unrealistically large values of up to 45. The findings presented in this paper show that, for the range of opening areas, locations and thicknesses studied, the range of loss coefficient values lie between 1.50 and 7.50. The inertia coefficient was found to range between 0.87 and 1.34. Inertia coefficients were found to increase as the opening moved closer to the sidewall or the roof, whereas, the loss coefficients were found to have an opposing trend to inertia coefficients, decreasing as the opening moved closer to the sidewall or the roof.
Introduction and Background
The paper investigates the effects of change in area, thickness and location of openings on the windward wall of a low-rise building, on the dynamics of building internal pressure induced through dominant openings, and therefore on the values of the ill-defined parameters, the loss and inertia coefficients. In an important work on internal pressure dynamics, Holmes (1980) drew an analogy between a building cavity of volume ∀ o excited by external pressure through an opening of area A o , and, the Helmholtz acoustic resonator, to derive a governing equation which relates the response of internal pressure (coefficient C pi ) to the fluctuations in the external pressure (coefficient C pe ). Liu and Saathoff (1981) and Vickery and Bloxham (1992) also arrived at similar governing equations. This paper uses a version of the governing equation suggested by Sharma and Richards (1997b) , is an effective length; o is the opening thickness; ρ, γ, and P a are the density, specific heat ratio, and ambient pressure of air; C c , C I , and C L are the opening contraction, inertia and loss coefficients; q is the wind dynamic pressure based on ridgeheight mean wind speed V h ; and f H is the Helmholtz resonance frequency of the cavity. Table 1 is a summary from the relevant past studies, of the values of loss and inertia coefficients used so far. As discussed by Sharma (2012) , this shows that a wide range of values for the inertia and loss coefficients are found, and which may impact significantly on the prediction of internal pressure using the governing equation. Holmes (1980) 0.89 0.15 Liu and Saathoff (1981) 0.89 0.6 Vickery and Bloxham (1992) 2.678 0.89 Stathopoulos and Luchian (1989) 0.875 Sharma and Richards (1997 a,b) 1.2 to 2.8 0.66 to 0.98 1.0 and 0.6 # Ginger et al. (1997) 8.5 and 45 Oh et al. (2007) 2.5 0.89 0.63 Ginger et al. (2008) 0.89 0.6 and 0.3 Kopp et al. (2008) 0.89 0.6 Yu et al. (2007) 7.5 1.3 Sharma (1996) 0.53 to 0.8 0.6 Ginger et al. (2010) 0 A terrain of roughness length 0.005 m was targeted for the simulation of the atmospheric boundary layer in the wind tunnel. The mean wind velocity and turbulence intensity profiles generated are displayed in Figure 1 . The dimensions of the building model and the locations of the openings, A to I, are also shown in Figure 2 . Two different opening thicknesses (thickness if the windward wall) were used, i.e. 0.12m and 0.36m. For internal pressure measurements, it is important that the internal cavity volume of the building model is increased according to the scaling rules suggested by Holmes (1980) . Appropriate extra cavity volume was added to the building model for this purpose.
Results and Discussions

Comparison: Internal and External Pressure Coefficients
The values of external pressures have been used here to compare the mean pressure coefficients, the RMS to mean and peak to mean coefficient ratios of the external area- Before the data is examined in some detail, it is important to point out that for each window location (and each external pressure tap), 5 different sets of pressure readings were taken sequentially, one after another without the stoppage of wind flow inside the wind tunnel. The external pressure means of each of the sets for the case of window W3 are plotted in Figure 3 . The variability and thus indication of error levels in mean pressure coefficient values for a particular location can be estimated by calculating the percentage difference between the mean pressure coefficient value and the value farthest from the mean value at that location. It can be seen that for locations away from the floor (mid-height and top i.e. A to F), the data points are at most 2.7% away from the respective mean. This is small and acceptable. However, for locations closest to the floor, G to I, the variability is seen to be very large. These data points have been labelled as outliers in Figure 3 . The cause of this has not been studied here. This trend of high error levels for locations G to I is consistent for all the window areas and needs further investigation. which has a slightly higher pi C value for both the windows (W3 and W5); but these differences between external and internal mean pressure coefficient values are small enough to be within error levels. for all the locations. This is due to Helmholtz resonance occurring inside the building cavity. Helmholtz resonance amplifies the pressure fluctuations at the Helmholtz resonance frequency so that p C values make higher excursions away from the mean value of internal pressure. The peaks in internal pressure are hence generally higher than the peak values of external pressure. This could cause damage to the building structure depending upon the severity of the windstorm.
Similarly, due to Helmholtz resonance occurring inside the building cavity, the RMS to mean coefficient ratio (shown in Figure 4 and 5) for internal pressures are also much higher than the RMS to mean coefficient ratio for external pressures. This means that the fluctuations of internal pressure about their mean values are much more intense relative to that for the external pressures.
Figures 6 (a, b) below show probability distribution curves for area-averaged external pressures (AA) and internal pressures (for opening thickness 0.36 m) for window W5 at locations D and E respectively. Y-axis of these curves shows the number of data points (of each pressure record) at each pressure coefficient value (or band) which is represented on the x-axis. C , but because of high pi C the values of pi C are more spread out around the mean than are the corresponding pe C values. The higher peak values of internal pressure imply that Helmholtz resonance in building cavities can consistently put high load on the structure of the building and cause damage. Therefore, the usual design practise of predicting peak internal pressure values using peak external pressure values would thus be non-conservative.
The above probability distribution curves show that not only the high peak values of internal pressure (which are capable of causing low cycle fatigue in the structural material of the building) can cause damage to the building but also the extra number of high value (as compared to external pressure) internal pressures can be severely damaging for the structure, depending upon the severity and duration of the storm. These extra high value pressures can cause high cycle fatigue in the structural material, again depending upon the severity and duration of the storm.
Power Spectral Density
Figure 7 below display the power spectra of measured internal (for both thicknesses) and area-averaged (AA) external pressures for locations A to F of window W5. Helmholtz resonance frequency is somewhat higher for thickness 0.12 m for all the locations. In fact as can be seen in Table 3 below, Helmholtz resonance frequency for all the windows is higher for the smaller thickness, i.e. 0.12 m as compared to 0.36m thick windows. This is expected, The variation in the values of Helmholtz frequency, Table 2 , for each window type prove the fact that its value also depends upon the location of the opening on the windward wall other than depending upon the parameters shown in equation 1. Apart from a few exceptions the resonance frequency for every window type seems to decrease in value as the opening location moves horizontally from centre location to mid-right and then to the right. The possible reason for this could be the fact that the presence of sidewall near right (or left) side opening location causes an extended air jet thus increasing the effective length of the air slug and therefore according to equation 1 Helmholtz frequencies for window openings at locations near sidewall should be low. Also, as can be seen in Table 2 above, values of Helmholtz frequency increases vertically from top to bottom, i.e. resonance frequency for opening locations D, E and F are higher than those of A, B and C. The author believes that the reason for this trend is also the presence of surface(s) near window openings A, B and C; in this case the presence of roof could lead to high value of effective lengths for window openings in its vicinity. The above trends and the possible reasons suggested by the author for the same can be better understood with the help of flow simulation through the various openings; the study of flow simulation is beyond the scope of this thesis and is a matter for further discussion and further studies.
Windows W1 and W2 have the same area but different aspect ratios, refer Figure 4 . The resonance frequencies for their respective locations are different from each other; for both thicknesses. Similarly, windows W3 and W4 have the same area but different aspect ratios; hence the Helmholtz frequencies for W3 and W4 (for both thicknesses) are also different. This implies that different flow conditions are being generated through the opening due to different aspect ratios. Again, this reasoning could be better understood by performing flow simulation through the openings under consideration.
Comparison with Sharma et al. (2010)
For the cases considered in Sharma et al. (2010) (with cavity 2), the value of Helmholtz resonance frequency decreases from centre to right opening positions. Similarly for the present study, same trend is observed (as discussed above). The value of Helmholtz frequency for the smaller opening thickness for the case considered in Sharma et al. (2010) is lower than the corresponding value of the larger thickness. But, the formula in equation 1 suggests differently. The present study shows that the values of Helmholtz frequency are higher for smaller opening thickness, as should be the case according to equation 1.
Simulation
Inertia Coefficient
The values of I C obtained from the measured Helmholtz resonance frequencies for locations A to F for all the windows (W1, W2, W3, W4, and W5) and both the opening thicknesses (0.36 m and 0.12 m) have been tabulated in Table 3 . The value of inertia coefficient is inversely proportional to the value of Helmholtz resonance frequency. Therefore, the trends in the value of I C are also inversed as compared to the trends in Helmholtz resonance frequency. The value of I C increases as the opening location moves horizontally from centre location to mid-right and then to right position and it decreases vertically from top to bottom, i.e. resonance frequency for opening locations D, E and F are lower than those of A, B and C. The reasoning for the trend is also the same as explained above i.e. for locations in the vicinity of the sidewall or roof, the value of the effective length of the air slug is somewhat higher and thus according to equation 2 below, the value of I C for these openings is also higher.
For windows W1 and W2 (also for W3 and W4), because of different aspect ratios different flow conditions are being generated (as discussed above) and thus values of I C are somewhat different as well.
Comparison with Sharma et al. (2010)
The values of I C (for cavity 2) in Sharma et al. (2010) are higher near the sidewalls. Similarly, for the present study the values are found to be higher at openings near the sidewalls; as discussed above. The value of inertia coefficient (for cavity 2) for the small number of cases considered in Sharma et al. (2010) lies between 0.53 and 0.80, whereas, for the present study the values lie between 0.87 and 1.34.
Loss Coefficient
The matched peaks of simulated and measured power spectra for locations A to F of window W1 (opening thickness 0.36 m) are displayed in Figure 8 . The values of L C thus obtained, for all the window types (locations A to F) have been tabulated in Table 4 below. The values range between 1.50 and 7.50. This range of L C is much smaller than the range of values that has been used so far in the field of internal pressure dynamics of low-rise buildings; refer Table 1 for the range of L C values used so far by various researchers.
The window types W1 and W2 (also for W3 and W4), despite having the same area, have different values of loss coefficient. This again points towards the fact that different flow conditions are being generated at the opening locations because of different window aspect ratios; this requires further investigation and is beyond the scope of the present work. The values of loss coefficient for opening locations A, B, C and F are more or less lower (in a majority of the cases) than those for opening locations D and E. The author believes that, due to the presence of either roof or sidewall near these opening locations, separation bubbles are not formed at all the four edges of the opening at these locations, thus leading to lower losses. This again is a matter for further investigation using flow simulation techniques and thus beyond the scope of this study.
Conclusions
The inertia coefficient was found to range between the values of 0.87 and 1.34; while the loss coefficient was found to range between 1.50 and 7.50. This being much smaller than the range of loss coefficients found in the literature. In some previous studies, unrealistically high values (up to 45) have been reported. This could not be confirmed in the present study. With the use of a wide range of values, the estimation of peak load on building structures (using mathematical models) could be erroneous, thus it becomes very important that serious consideration be given to the findings of this study for better estimation of wind loads. The inertia coefficient was found to range between the values of 0.87 and 1.34. This range is relatively less as compared to the range of value used so far, which lies between 0.53 and 1.3, in the past studies. The effective length of air slug is found to be longer nearer the sidewall and roof of the model; this is attributed to the presence of surfaces (i.e. side wall and roof) causing the length of the air slug to extend. The trends observed in the Helmholtz resonance frequency for different opening locations are: decrease in value horizontally from the mid location towards the sidewall and increase in value vertically from top to centre. Opposite trends for the inertia coefficient were observed as this is inversely related to the Helmholtz resonance frequency.
